Whether root systems an(d tops of plants are essentially alike or notably different with regard to their temperature relations is an importanit question in fundamental plaiit physiology, as well as in ecology, in pathology, and in the study of the climatic distribution of plants in nature and in cultivation. This general question is dealt with in the present paper with respect to seedlings of the cotton plant, Gossypiutm hirsuht nt L. The results presented show elong,ation rates of primary roots and hypocotyls for each of 8 different maintained teimiperatures, all parts of each seedling being exposed to the same temperature. Data are also ineluded on the development of cotyledons and secondary-roots anid on seedling weights.
150 mm. high), conitaining medium to a depth of 130 mm. After the mediullm was introduced, the tubes were covered with inverted loosely fitting cylindrical glass vials and were then steam sterilized. When the agar had set, each tube received a single seed, pressed into the agar medium at the ceniter of its free surface with a forceps so that the seed was about half embedded with the micropylar end directed downward. After the seeds had been introduced, the covered tubes were immediately placed in the culture chambers. When the elongiationi of the hypocoty-ls began to raise the cotyledons above the agar, each vial cover was replaced with an inverted loosely fitting 18 x 150 mm. test tube, which rested loosely oln a rubber band that encircled each culture tube about 3 cm. below its top so as to permit gas exchange between the externial atmosphere and the enclosed space above the agar. It was possible for a hypocotyl to attain a lenoth of approximately 125 mm. before the cotyledons reached the top of the cover; but, when that was about to occur, the cover was removed.
The collet, which remainied approximately at the surface of the agar gel, was used as a point of reference for daily measurements to the nearest millimeter of the length of each taproot and hypocotvl. Measurements of the taproots were discontinuiied when they had attained a length of about 125 mm., since the root tips had then about reached the bottom of the culture tubes.
Each taproot grew downward aoainist the wall of its tube, causing the gel to separate from the glass anid form a continiuous air space from 2 to a mm. wide on each flank of the root. Secondary roots, when formed, grew laterally into these air spaces, causinig further separation of the gel from the glass wall as far as thev extended. The thickness of the lateral air spaces was usually equal to the diameter of the root or roots that produced them; thus, each root lay against glass on one side and agar gel on the opposite side, being generally in contact with air onl the flanks. Through the shrinkage of the gel at a temperature of 24°C. and higher, the two air spaces tended ultimately to become united, because the taproot adhered to the agar as it was drawin awav from the glass. The shrinkage of the agar facilitated air diffusion dowinward along the roots, which appeared to be adequately sup-conditions of temperature, light, and humidity and for the same culture periods.
At each of the temperatures used, there were regularly 100 single-seed cultures, but most of the data studied were based on the first 50 seeds to germinate. It is appreciated that this procedure resulted in an additional selection, besides the original one based on seed weight. That seedlings for experimentation may be selected according to promptness of origin has been noted by several authors (11) . Obviously, this second selection could be applied only after germination, and it is naturally impossible to ascertain whether the individual seeds which germinated most promptly at any temperature would have exhibited a similar degree of promptness if they had been germinated at some other temperature. It seems clear, however, that the seedlings from the first 50 seeds to germinate at any temperature were more nearly alike-at least with respect to promptness of origin-than those of the entire group produced at that temperature. At temperatures from 180 to 360, not less than an additional 40 seedlings were produced within less than 24 hours after the first 50.
To gain some information concerning the relations between promptness of germination and seedling growth, two special experiments were carried out at 270 and 330 C. In each case the seedlings from the first 50 seeds to germinate, those from the second 50, and those from the third 50 were studied as three separate groups for a culture period of 7 days. At these two temperatures, growth was essentially alike for the three groups after 3 No light entered the culture chambers, and the seedlings were not exposed to any illumination, except when they were removed from the chambers for about 15 minutes each day for making the regular observations with a 100-watt tungsten electric bulb located about 150 cm. above the seedlings. In no instance was any greening evident.
The regular period of these tests was generally 7 days. Because of the slow growth at 180, 21°, and 24°, however, two culture sets were simultane- fig. 1) shows that the minimal temperature for growth of both primary roots and hypocotyls was below 18°, and that the maximal temperature was above 39°. At 18°, root elongation could first be measured on the 2nd day of incubation, but measurements of hypocotyls could not be made until the 6th day. After measurable elongation had begun, the mean daily increments at this low temperature fluctuated between 5.6 and 8.7 mm. for primary roots, and between 7.1 and 17.2 mm. for hypocotyls. Aside from this slow elongation, the seedlings at 18°remained apparenltly healthy throughout 14 days of incubation, and they were still growing on the 14th day. Although 18°is clearly above the minimum for some growth of cotton seedlings, the minimum canniiot be much lower; FUNG (4) didc not secure any top growth of cotton seedlings at Ia and ARNDT (1) lnoted discoloration of cotton seedlings growing in soil at 180. This is also inidicated by the failure of the primary roots to form secondary roots dcuring a 14-day-incubation at 18°. At 390 the primary roots had attained a mean length of 7.6 mm. by the end of the first day of ineubation, but thev showed apparent heat injurv and their daily increment fell regularly from 15.5 mm. for the second day to 4.3 mm. for the fifth day. After this time, the increments were neoligible, since the lenotlh inereased only from 47 mm. oni the fifth day ( Three different procedures were used to estimate the temperature optima for the growth of primary roots and hypocotyls. In the first, it was taken to be that temperature at which the greatest total elongation occurred during a given number of days ( fig. 1) ; in the second, the temperature at which a specified mean length was attained in the shortest time (fig. 2) ; and in the third, the temperature at wlich the average growth rate for the attainment of lengths of 50 and 100 mm. was greatest ( fig. 3 ). It is apparent that the derived graphs of figures 2A and 2B resemble in general form the graphs of figures 1A and IB, respectively, except that those of figure 2 are inverted, the graph maxima in figure 1 corresponding to minima in figure 2.
The calculation of the values used in figures 2 and 3 from the original measurements is based on the supposition that the growth at any temperature proceeded at approximately the same rate through any 24-hour observational period. The derived values are obviously no better than rough approximations, since the measurements show actual changes in the growth rate, as each organ passed through its consecutive growth stages. (Some special tests at 270, in which the roots and hypocotyls were measured at 9 A.M. and 9 P.M., showed no indication of any day-night periodicity which might have affected the values.) The calculations were carried out only to 0.1 day, since greater precision did not seem to be warranted by the observational data. The actual mean daily elongation was also somewhat greater than is indicated by the graphs ( fig. 3) For the 50 mm. length ( fig. 3A) , the optimum 24-hour growth rate for both the roots and hypocotyls was 330, but the rates of root elongation were greater than those of the hypocotyl throughout the temperature range 180-360. This was undoubtedly due mainly to the inclusion of unknown time periods before the beginning of measurable elongation. For the 100 mm. length ( fig. 3B ), the rate of elongation of roots was greater than that of the hypocotyls only at 270, the root optimum; while, at 300, 330, and 36°, the hypocotyl rate exceeded that of the root rate. At the 3 lowest temperatures, the rates for both were essentially the same.
At 240, 270, 300, 330 and at 360, the hypocotyls had evidently not yet approached their maximal attainable lengths at the end of the seven-day period of culture, but at these favorable temperatures the graphs indicate that they had passed their period of most rapid growth by the end of the fourth to seventh day. At 210 ( fig. 1B) , a relatively uniform rate of elongation was maintained for 11 days. The sharply reduced rate after this period seems to indicate that the maximal attainable length of these hypocotyls was less than that of those grown at higher temperatures. At 180, the reduction in the rate of elongation after the eleventh day was relatively much less than at 210. Similarly to the hypocotyls, the roots at 180 C. maintained a relatively uniform rate of growth throughout the fourteen-day period of culture. The mean daily elongation rate was 7.17 mm., the maximum was 8.73 mm., and on the fourteenth day was still 7.3 mm. At all higher temperatures, the graphs of figure 1A indicate a decreased elongation after the second or third day of measurable length, except at 270 at which temperature the elongation was 47.5 mm. on the fourth day, or 7.3 mm. greater than on the third day.
SUMMARY AND COMMENT ON OPTIMAL TEMPERATURES FOR GROWTH OF PRIMARY ROOTS AND HYPOCOTYLS
The optimum of 270 found for the roots in this study is just slightly higher than the 250 temperature at which GLADYS C. GALLIGAR (5) secured the most rapid elongation of the excised roots of a closely related species, G. barbadense. In table II, interesting comparisons can be made between the temperature relations of cotton seedlings with those of dark-grown maize and wheat shoots as brought out by the studies of LEHENBAUER (9) and of MACK (13) . The temperature miinlima for the other two planits is well below-that for eottoln, anid the optimum for wheat is well below that for cottoni. The maximum for all three may be about alike, although tlle highest temperature used for wheat was 300. A further comiiparisoni of the relative growth rates of cotton hypocotyls in these tests and of mliaize shoots for 12-hour growth periods (9) shows relatively the same temperature relations through the tenmperature range of 18°to 24°.
It is notable that nionie of the three procedures employed showed 30°as
within the ilndicated optimal range for elongation of either primiiary roots or hypocotyls. Indeed, it appeared clear that this temperature was relatively unifavorable for these organs after about three days of culture ( figs. 1, 2, 3 ). Whether this feature may have important physiological significance cani nlot be judged without further study, especially planniied for that purpose. It The differences between the temperature relations of roots and hypocotyls appear to be related to the temperatures at which each develops under field conditions. As previously noted, the time of cotton planting generally coincides with the appearance of soil temperatures which are, in part, favorable for rapid growth; while the shift of the root optimum corresponds to penetration of the roots into the deeper and slightly cooler portions of the soil. On the other hand, the hypocotyls, as they elongate, are successively exposed to the mean temperatures of the more shallow portions of the soil and air temperatures which at this time are generally higher, especially during periods of sunshine, than those of,the soil at depths of 10 cm. or greater. It thus appears that the difference between root optimum (27°) and hypocotyl optimum (330 or higher) of cotton seedlings may have considerable ecological significance for the cotton plant. It must be borne in mind, however, that these deductions are based on cultures in which the roots and hypocotyls were subjected to the same temperatures, high air humidity, and no illumination; while field conditions involve fluctuating temperatures, differences between air and soil temperatures, greater ranges of air humidity, and daily periods of sunlight.
TEMPERATURE RELATIONS OF SECONDARY ROOTS
Although the temperature growth relations of secondary roots were studied less thoroughly than those of primary roots and hypocotyls, the results of some observations on secondaries may be of interest. No secondaries appeared on the seedlings grown at 390 C. because the primary roots were severely injured or killed before attaining the developmental stage at which they might form branches. Nor 
TEMPERATURE RELATIONS OF EMERGENCE OF COTYLEDONS
The cotyledons emerged earliest at 27°and 300 C. on the third day of incubation (fig. 4) . The cotyledons of half of the seedlings emerged first (in three days) at 270; and slightly less promptly (in four days) at 240 and 30°. The temperature of 210 was clearly suboptimal for prompt cotyledon emergence, anid 18°was much more so. The long incubation period (eight days) required at 18°and the failure of CAMP and WALKER (3) to obtain emergence of cotton seedlin(gs in soil cultures at 140 should place the minimal temperature for the emergence of the cotyledons at about 15°-16°C.
Temperatures of 330 and 36°were about equally superoptimal for early emergence of cotyledons. A four-day period, which sufficed for emergence in half of the seedlings at 24°or 30°, brought out only a very few cotyledons at 330 or 360; at the end of a sevenl-day period only 40 per cent. of the seedlings at 330 and only 20 per cent. of those at 36°had freed their cotvledons, indicating that 36°was by far the less favorable of these two superoptimal temperatures for early emergreniee. There was, however, no evidenee of injurv to cotyledons at either of these two temperatures.
At 39°0 onl the other hand, cotyledon emergence began on the fifth day but all cotvledons that emerged at 390 were already injured, being brownish in color and obviously unhealthy. At this high temperature, a seven-day period of incubation induced complete emergence in only 4 per cent. of the seedlings, although an additional 22 per cent. showed partially emerged cotyledons at the end of the seventh day, when all cotyledons and hypocotyls had already become brown and so dried as to be evidently dead.
In a special experiment, 20 seedlings grown at 390, whose primary roots were 10 to 25 mm. long at the end of the two-day period of hadfaledtoelongate further on the third day, were transferred to 250 at theendof hatday. Fourteen made no additional growth, but six developed normlly.Thus, about 30 per cent. of the seedlings formed at 390 were able *orcvrfrom the injurious effects of a three-day period at that temperaturwhn afavorable temperature was provided from the third day onward.
hand, 50 seedlings transferred to 250 at the end of a five-day pri ofincubation at 390 failed to show any subsequent root growth or cotyledon emergence, although a few of their hypocotyls elongated slightly after the transfer. Thus, a three-day incubation at 390 resulted in the death of about 70 per cent. of these seedlings, and after a five-day incubation at that temnperature none of them were capable of recovery.
At 210, 240, 270, and 300 C., the cotvledons also began to emerge whenl the hypocotyls were shorter than the primary roots (fig. 5) ; while the reverse was true at the three definitely superoptimal temperatures for emergence, 330 360, and 390. The lengths of the primary roots and hypocotyls, however, were not the same at the inception of emergence for all temperatures. They increased progressively with the temperature from 21°to 330, but at 360 they were not greatly different from those at 330. The few seedlings that brought out their cotyledons at 390 did so when primary roots and hypocotyls were shorter than at 330 and 360, although the incubation time required for earliest emergence was five days at 390 and only four days at 330 and 360. It is interesting to note that at 240 and 270, the secondary roots appeared about 2.5 days after the beginning of cotyledon emergence; while at 300, 330, and 360 both secondary roots and cotyledons began to emerge at the same time ( fig. 5B ).
The relatively low rate of elongation of roots and hypocotyls at 240 seems to indicate why this temperature was too low for the most rapid cotyledon emergence. But why 330 was too high for the emergence of more than 40 per cent. of the cotyledons is not so easily understood, since it was three-to four-day optimum for elongation of primary roots and hypocotyls at this temperature. BERKLEY and BERKLEY (2) suggested that the cotyledons of field-grown cotton seedlings may be protected to some extent from heat injury when air temperature is superoptimal but air humidity is low through the cooling effect of relativelv rapid transpiration. It is possible that the apparent difference between the temperature relations of cotyledons and those of hypocotyls may have been related in part to conditions of air moisture and absence of light as these influence transpiration. As has been noted, although relative humidity was the same in all culture chambers, the drying influence of the air and, consequently, its cooling effect was greater as the temperature was higher. It seems, however, that cooling through transpiration cannot have been very considerable in these experiments; nor is it likely that it can be very effective under any condition before the cotyledons are well expanded.
TEMPERATURE RELATIONS OF CHANGES IN WEIGHTS AND COMPOSITIONS OF SEEDLINGS DURING THE SEVEN-DAY PERIOD OF CULTURE
As bases for comiiputing weight changes in each set of the 50 seedlings for the seven-day incubation period, the following values were ascertained for a 50-seed sample of the original stock, after the testas had been removed: dry weight, 3 figure 6 make it apparent that all these data possess at least a fair degree of reliability with respect to the characteristics of the cotton seed used.
The graphs of figure 6A (also table IV) show that the most favorable temperature for the production of both fresh weight and water content was 300 and that 270, 330, and 360 were nearly as favorable. On the basis of elongation ( fig. 1) , the five-day optimum (and presumably the seven-day optimum) for primary roots was 27°, and the seven-day optimum for hypocotyls was 360, with 330 only slightly suboptimal; while 300 was relatively unfavorable for the elongation of both organs. These differences illustrate 0 how an optimal temperature based on one criterion of growth or performance (such as fresh weight) may be considerably different from one based on another criterion (such as length). The vertical distances between the two graphs of figure 6A represent the final dry weights of the seedlings.
The two graphs of figure 6B have the same general form and show the greatest losses for organic matter and dry weight at 360. Since both were due to metabolic destruction of organic matter, 36°was apparently most favorable for that process.
Other criteria for estimating the optimal temperature for growth during cially applicable since growth in etiolated seedlings is largely accounted for by water absorption. In addition, special validity to the use of water content as a mueasure of growth was indicated by the comparable ratio values obtained when the final fresh weight was used in similar computations. According to the above criteria, the optimum would be that temperature at which the greatest elongation of the hypocotyl or greatest water contenlt is associated with the least loss of organic matter. Very different optima are indicated by the two criteria. Thus, 180 was the most favorable for water absorption but was the least favorable for elongation. For the five temperatures favorable for rapid elongation of the hypocotyl, or those from 240 to 360 C., the greatest elongation of the hypocotyl per uinit loss of organic matter occurred at 330, and the greatest water-content per unit loss of organie matter occurred at 300; but the difference between these two temperatures was small, and they were also the temperatures at which the great- (fig. 3A, 3B) After the first three or four days of culture, growth at 300 was relatively slower than would be expected from the corresponding rates shown at 270 and 33°. Despite this peculiarity, 30°was favorable for the development of secondary roots and cotyledons, and induced the greatest fresh weight and the greatest water content in seven days of culture, although 270, 330, and 360 were only slightly less favorable according to these two criteria.
In the seven-day period, dry weight and organic matter decreased and ash content increased at all temperatures, the loss being greatest at 360; but, with respect to both the seven-day elongation of hypocotyls and increase in water content at the temperatures from 240 to 360, organic matter was most efficiently consumed at 300 and 330. After the seven days of incubation, the least ash content per unit of water content and per unit of fresh weight, and also the least dry weight per unit of water content were about equal at 270, 300, and 330; and the greatest ash content per unit of dry weight was found in seedlings grown at 360.
The results of this study indicate three striking features of temperature relations that seem not to have been recorded hitherto for seedlings of any species:
(1). The temperature optimum for elongation of both the primary roots and the hypocotyls shifted with time and growth. For elongation of the primary roots, the shift was downward from 330-360 at the start, to about 270 after three to four days of growth; for elongation of hypocotyls the shift was in the opposite direction, but was not as great, being from about 330 at the start to about 360 after about four to five days of growth.
